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The rap (retina aberrant in pattern) gene encodes the Fizzy-related protein (Fzr), which as an activator of the ubiquitin ligase complex;
APC/C (anaphase promoting complex/cyclosome) facilitates the cell cycle stage-specific degradation of cyclins. Loss-of-function mutations
in rap cause unscheduled accumulation of cyclin B in the developing eye imaginal disc, resulting in additional mitotic cycles and defective
patterning of the developing Drosophila eye. Targeted mis-expression of rap/fzr in the eye primordial cells causes precocious cell cycle exit,
and smaller primordial eye fields, which either eliminate or drastically reduce the size of the adult eye. Although mitosis is inhibited in the
mis-expression animals, cells with abnormally large nuclei form tumor-like structures from continued endoreplication, cell growth and retinal
differentiation. Interestingly, overexpression of Rap/Fzr in the eye primordia also increases the size of the antennal primordium resulting in
the induction of ectopic antennae. These results suggest that Rap/Fzr plays an essential role in the timely exit of precursor cells from mitotic
cycles and indicate that mechanisms that regulate cell cycle exit are critical during pattern formation and morphogenesis.
D 2005 Elsevier Inc. All rights reserved.Keywords: Cell cycle exit; Pattern formation; Drosophila eye-antenna; Anaphase promoting complex; Ectopic antenna; Rap; FizzyrelatedIntroduction
During the development of multicellular organisms,
cellular pattern formation is coordinated with mechanisms
that regulate cell proliferation, growth and death. Appropriate
numbers of undifferentiated cells must be generated at
specific developmental stages and these cells must exit the
cell cycle to ensure proper cell fate specification and pattern
formation. This requires a precise orchestration of the
mechanisms that regulate cell cycle exit with the signaling
events that direct tissue specification and patterning (Ohnuma
and Harris, 2003). In higher eukaryotes, mitotic exit is
facilitated by at least two ubiquitination ligase complexes,0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.07.011
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University of Arizona, Tucson, AZ 85721, USA.APC/C (Anaphase promoting complex/cyclosome) and SCF
(Skp-cullin-F box protein), which regulate cell cycle pro-
gression by the timely degradation of key cell cycle regulators
such as cyclins and cyclin dependent kinase inhibitors. The
targeting of cyclins to the APC/C is mediated by Cdc20/Fizzy
and Fizzy-related/cdh1/Hct1 proteins with conserved WD
(Trp-Asp) repeat motifs (Bashir and Pagano, 2004; Irniger,
2002; Page and Hieter, 1999; Townsley and Ruderman,
1998). Although initially these proteins were thought to
function specifically in cell cycle regulation, recent work has
shown that mammalian cdh1 is expressed in postmitotic and
differentiated cells as well (Gieffers et al., 1999). One
possible role for cdh1 is that it is required in postmitotic
cells to prevent inappropriate entry into S phase and thus play
a role in maintaining the differentiated state. A second
interesting possibility is that cdh1 may target other relevant
cellular proteins to the APC/C for ubiquitination and thereby
indirectly regulating other cellular functions. Recently, APC85 (2005) 436 – 446
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Drosophila neuromuscular synapses (Koloteva-Levine et al.,
2004; van Roessel et al., 2004). In addition, cdh1 has also
been found to function in axon guidance during cerebellum
development in the mouse (Konishi et al., 2004). Similarly,
although identified initially in the context of cell cycle
regulation, the SCF ubiquitin ligase has also been shown to
have important additional functions in other developmental
processes (Staropoli et al., 2003). The development of the
Drosophila compound eye offers an excellent system to
address the question of how cell proliferation and tissue
patterning are coordinated. The Drosophila compound eye is
a precisely repeated hexagonal array of about 800 simple
eyes, the ommatidia. The adult eye develops from a
monolayer of epithelial cells, the eye-antennal imaginal disc.
Cellular pattern formation in the eye imaginal disc is marked
by the anterior progression of a groove in the disc epithelium,
known as theMorphogenetic Furrow (MF). Pattern formation
and cell fate determination are coordinated with a stereo-
typical pattern of two mitotic cell cycles. The first mitotic
domain is seen anterior to the MF where cells divide
asynchronously and form a diffuse band of mitotic cells as
seen by bromodeoxyuridine (Brdu) incorporation. Immedi-
ately posterior to the MF, the second mitotic wave (SMW) is
seen as a compact band of S phase cells labeled with Brdu
(Fig. 1A) (Ready et al., 1976; Wolff and Ready, 1991). The
secreted signaling molecule DPP is expressed in the MF and
promotes the G1 arrest of cells in the MF (Horsfield et al.,
1998; Penton et al., 1997). Cells in the MF are inhibited from
precocious entry into the S phase by the Roughex protein
(Thomas et al., 1994; Thomas et al., 1997). Activation of theFig. 1. rap regulates mitosis in the developing eye. To follow the pattern of
mitosis in the developing compound eye, wild type and rap mutant
developing eye discs were labeled with Bromodeoxyuridine (Brdu). In the
wild type (A), two characteristic bands of Brdu labeling are seen. Anterior
to the morphogenetic furrow (arrowheads, MF), Brdu labeling appears as a
broad band, whereas, posterior to the MF, Brdu labeling is in a compact
band of cells. The differentiated regions posterior to the MF show no Brdu
labeling. In the rapx3 mutant discs (B), Brdu labeling is diffusely
distributed over the entire disc including the regions posterior to the MF
and the organization of the two distinct domains seen in the wild type is
lost. In rap mutants, cells fail to exit the mitotic cycle and go through
additional mitosis. (C) Wild type eye disc stained with anti-cyclin B (green)
and anti-phospho-Histone-H3 (red) shows that the mitotic marker Histone-
H3 and cyclin B are localized to regions anterior to the Morphogenetic
furrow (MF) and immediately posterior to it. No cyclin B is seen in the MF.
(D) rapX3 mutant eye disc stained with anti-cyclin B (green) and anti-H3
(red) shows uniform distribution of cyclin B and persists in the MF.
Significantly large number of H3 positive cells is seen in the normally
postmitotic regions posterior to the MF. (E) A dpp-lacZ, eye disc stained
with anti-cyclin B (green), Anti-elav (red) and anti b-gal for dpp (blue)
shows that the G2 Cyclin B is restricted to the mitotic areas and is not seen
in the MF. In panel F, eye imaginal disc from dpp-LacZ/+;rapX3/y larva
stained with anti-cyclin B (green), anti-elav (red) and anti h-gal for dpp
expression (blue) shows that cyclin B is distributed uniformly throughout
the disc including the MF and posterior region of the disc where the cells
are postmitotic in the wild type. In panels E and F, the morphogen DPP is
expressed in the morphogenetic furrow and promotes G1 arrest. Anterior is
to the right. Scale bar = 10 A.cdc25/String (stg) by the secreted morphogen, Hedgehog,
causes the G1 arrested cells in the MF to enter the S phase. In
addition, other signaling pathways mediated by Notch and
the receptor tyrosine kinase, EGFR, have been shown to
regulate the stereotyped pattern of mitosis in the developing
eye and thus control the proliferation of the eye-antennal
primordia (Baker and Yu, 2001; Baonza and Freeman, 2005;
Firth and Baker, 2005; Kenyon et al., 2003; Penton et al.,
1997; Yang and Baker, 2003).
In this paper, we show that the rap gene encodes
Drosophila Cdh1 homolog, the Fizzy-related protein (Fzr),
which is required for the cell cycle dependent degradation of
Cyclin B and is critical for the timely mitotic exit of
precursor cells in the developing eye. Our analyses of the
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results in additional cell cycles in the developing eye
leading to defective cellular pattern formation. Our results
from the gain-of-function experiments were rather unex-
pected. Overexpression of rap/fzr in the developing eye
primordia results in the precocious mitotic exit of eye
precursors leading to a dramatic reduction in the size of the
eye. Cells that exit the cell cycle prematurely continue to
differentiate and undergo precocious endoreplication, form-
ing abnormally large cells resulting in tumor-like structures.
Interestingly, overexpression of rap/fzr in the eye primordia
also increases the size of the antennal primordium and
induces the formation ectopic antennae.Materials and methods
Fly stocks and culture
Drosophila cultures were maintained at 25-C on standard
corn meal-agar medium. All genetic crosses were carried out
at 25-C unless otherwise specified. rap mutant alleles were
generated in our laboratory by using standard EMS and X-
ray mutagenesis protocols as described previously. The
transgenic Drosophila lines P-UAS-fzrIII.2 and UAS-fzr II.1
(Sigrist and Lehner, 1997) were a gift from Christian Lehner
(University of Bayreuth, Germany).
Molecular biology
Inverse polymerase chain reaction (PCR) and plasmid
rescue experiments were performed as per the protocols
outlined by the Berkeley Drosophila Genome Project
(BDGP) methods. Other standard molecular biology techni-
ques were carried out as per Sambrook et al. (1989).
Drosophila DNA isolation and Southern blots were done as
described previously (Teng et al., 1991).
Electron microscopy
Scanning electron microscopy of Drosophila tissue was
done as described by Karpilow et al. (1989).
Immunohistochemistry
Eye-antennal discs were stained with the specific primary
antibodies and appropriate secondary antibodies as
described previously (Karpilow et al., 1996). Confocal
images were obtained using a Leica Confocal microscope.
Bromodeoxyuridine labeling was done according to Wolff
and Ready (1991). The following antibodies, anti-Elav,
Anti-Armadillo, Mab22C10, were purchased from the
Developmental Studies Hybridoma Bank at the University
of Iowa. Anti-phospho-Histone-H3 and all secondary anti-
bodies were purchased from Jackson laboratories. The Anti-
Rap/Fzr antibodies were generated in rabbits againstsynthetic N-terminal peptides: SPQTSKKQRDCGETARDS
and KYQSPTKQDYNGECPY. The peptide synthesis and
antibody generation were done by Alpha Diagnostic Inc.
Texas. The Rap/Fzr-specific antibodies were affinity puri-
fied using the synthetic Rap/Fzr-peptide coupled Sepharose
4B on an affinity column.
In situ hybridization
rap/fzr mRNA was localized in whole mount eye-
antennal imaginal discs by in situ hybridization according
to the method of Thomas et al. (1997). Single strand
digoxygenin labeled probes were synthesized as per the DIG
RNA labeling kit as per the manufacturer’s protocols
(Roche Biochemicals).Results
rap regulates cell cycle and patterning in the developing eye
Loss-of-function mutations in rap lead to abnormal
retinal patterning due to variable number of photoreceptor
cells. The normal hexagonal pigment cell lattice is
disorganized due to an increase in the number of pigment
cells (Karpilow et al., 1996). To ascertain whether the
aberrant patterning was due to defects in cell cycle
regulation, we examined the mitotic pattern in wild type
and loss-of-function rap mutants. In the wild type third
larval instar eye disk, two distinct domains of mitosis, one
anterior and one posterior to the MF, are seen (Fig. 1A). By
contrast, in third instar eye disks from rap mutants, both
mitotic waves were disorganized and mis-regulated (Fig.
1B). S phase cells were seen within the MF, where normally
cells are arrested in G1. Similarly, cells in posterior regions
of the disc, which are normally postmitotic, also showed
Brdu incorporation indicative of a large number of S phase
cells. These results suggest that the rap mutant cells were
initiating aberrant rounds of the cell cycle.
To determine if rap mutant cells had progressed from the
G1/S to the G2/M stage, we studied the distribution of cyclin
B, a marker for the G2 stage of the cell cycle. In the wild type
developing eye disc, cyclin B is distributed uniformly in the
regions anterior to the MF and is degraded within the MF
where cells are arrested in G1. Cyclin B is also seen in a
narrow band immediately posterior to the MF as a result of
the second mitotic wave. Cyclin B is not seen in the posterior
regions of the disc where cells are postmitotic (Fig. 1C). In
the rap mutant eye disc, cyclin B persists in the MF and in
the regions corresponding to the postmitotic cells in the wild
type (Fig. 1D). To localize mitotic phase (M) cells in the
developing eye imaginal discs, we labeled imaginal discs
with antibodies against human phospho-Histone-H3, a
marker for cells in the mitotic phase of the cell cycle (Wei
et al., 1999). In wild type eye imaginal discs (Fig. 2C), two
distinct domains of mitotic nuclei (corresponding to the two
Fig. 2. (A) rap encodes the cell cycle regulator Fizzy-related (Fzr) protein. Molecular cloning and sequence analysis revealed that rap encodes the cell cycle
regulator Fizzy-related. A lethal P element insertion P2241 fails to complement the rough eye phenotype of viable rap mutants. Inverse PCR and DNA
sequence analyses localized the P insertion to the first intron of the fzr locus (CG 3000). (B) Expression of rap/fzr mRNA in the third instar eye imaginal
disc. Wild type Third larval instar eye imaginal disc hybridized with digoxygenin labeled anti-sense fzr probe to detect fzr mRNA. fzr mRNA is expressed in
the morphogenetic furrow (arrowhead) and in the posterior regions of the disc where cells are postmitotic. The R cell clusters express the fzr mRNA. Sense
probes as controls showed no hybridization signal (data not shown). Anterior to the right. (C) Rap (Fzr) Protein Expression in the developing eye disc. A
polyclonal antibody against Fzr peptide was generated in rabbits. Eye imaginal discs were double-labeled with anti-Fzr (green) and anti-Elav, a neuronal
marker (red). Fzr expression is seen (green) in the morphogenetic furrow (arrowhead) and in the posterior regions of the disc. The picture is a merge of the
red and green channel images giving a yellow signal in regions of co-localization. Fzr co-localizes (yellow) with a subset of R cells expressing Elav. Anterior
to the right. Scale bar = 10 A.
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phase cells are distributed diffusely. Immediately posterior to
the MF, a narrow band of Phospho-H3 labeled cells localizes
corresponding to the second mitotic wave. In contrast, in rap
mutant eye discs, the entire disc posterior to the MF contains
a large number of M phase cells with no evidence of a narrow
band of cells undergoing a second wave of mitosis. The
number of M phase cells anterior to the MF is comparable to
wild type discs (Fig. 1D). These data support the idea that, in
loss-of-function rap mutants, cells posterior to the MF fail to
exit the mitotic cell cycle at the appropriate time and initiate
additional abnormal cell cycles.
To address the question of whether neuronal differ-
entiation was affected in the developing eye imaginal disc of
rap mutants, we used anti-Elav antibodies to localize the
neuron-specific marker Elav. In rap mutants, although
spacing and size of the ommatidial clusters were abnormal,
neuronal cell differentiation did not appear affected (Fig.
1F). We also monitored dpp expression in the MF of
developing eye imaginal discs using larvae carrying a dpp-lacZ construct. Our results showed that dpp expression in
rap mutant discs was similar to that in the wild type discs
(Figs. 1E and F), suggesting that rap may function
downstream of dpp. Taken together, these results suggest
that the wild type function of rap is necessary for the timely
degradation of cyclin B and cell cycle exit of the precursor
cells in the developing eye disc.
rap encodes the Fizzy-related (Fzr) protein
To determine the molecular nature of the protein coded
by rap, we undertook molecular cloning of the rap locus.
We identified a lethal P element insertion (rapP2241) that
failed to complement the rap rough eye phenotype. Inverse
PCR and plasmid rescue followed by DNA sequencing
experiments showed that the P element is inserted within the
first intron of the fzr locus (Fig. 2). To further confirm that
the rap gene encoded the Fzr protein, we employed the
GAL4-UAS expression system (Brand and Perrimon, 1993).
linotte is allelic to derailed and is required for nervous
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al., 1995; Moreau-Fauvarque et al., 1998). We tested the
expression pattern of driver using a UAS-lacZ construct. In
the developing eye disc, linotte is expressed in the MF and
regions posterior to the MF (data not shown). Expression of
a full length Fzr cDNA driven by the linotte/derailed GAL4
promoter is sufficient to fully rescue the rough eye
phenotype of the rap loss-of-function mutants (Fig. 3). In
our experiments, 67% of the flies (135/200) of the genotype,
the linotte-GAL4;UAS-Fzr;rapX3 showed complete rescue
of the rough eye phenotype, while the remaining(33%) flies
showed partial rescue to varying levels. These data are
consistent with our conclusion that rap gene encodes Fzr
(Jacobs et al., 2002). Fzr is a 474 amino acid polypeptide
with conserved WD (Trp-Asp) domains (Sigrist and Lehner,
1997). The cDNA encoding fzr was previously character-
ized on the basis of its homology to fizzy (fzy), a cell cycle
regulator necessary for cyclin degradation during M phase
(Sigrist and Lehner, 1997). Using small chromosomal
deletions, Sigrist and Lehner (1997) showed that fzr is
involved in the down regulation of the levels of cyclins A, B
and B3 during the G1 and G2 stages in the developing
embryo. Mutant embryos lacking fzr function show inappro-
priate accumulation of G2 cyclins (cyclins A and B) and the
loss of endoreplication cycles. Homologs from S. cerevisiae
as well as fission yeast have been shown to be involved in the
mitotic degradation of cyclin B (Shirayama et al., 1998;
Yamaguchi et al., 2000; Zur and Brandeis, 2001). These
studies suggest that Fzr is involved in facilitating the
targeting of cyclin B to the Anaphase promoting complex
(APC). Our results with the developing eye disc are
consistent with the proposed role of Rap/Fzr in the
degradation of cyclin B and cell cycle exit.
To determine if the expression pattern of rap (fzr) was
consistent with its role in cell cycle exit, we next studied its
mRNA and protein expression patterns in the developing eye
imaginal disc. In situ mRNA hybridization experiments (Fig.
2B) showed that, in the developing third instar eye disc, rap/
fzr mRNA is initially expressed in the morphogenetic
furrow. Shortly thereafter, rap is expressed in the regionsFig. 3. Transgenic expression of Fzr cDNA complements rap eye phenotype. Ex
sufficient to fully rescue the rough eye phenotype of the loss-of-function phenotype
(A) wild type with a smooth eye, (B) rapx3;UAS-fzr, with a rough eye phenotype
wild type. Anterior is to the right.posterior to the second wave of mitosis, where the cells are
postmitotic. We generated a polyclonal rabbit antibody
against synthetic Rap/Fzr peptides and also used it to follow
expression patterns in the developing eye disc. Rap/Fzr
protein expression patterns are similar to mRNA expression
patterns and consistent with the developmental role of rap/
fzr in cell cycle exit. Rap/Fzr protein is expressed in the MF
and in the postmitotic regions posterior to the second mitotic
wave. No Rap/Fzr expression was seen in the mitotically
active regions anterior to the MF (Fig. 2C). Immunocoloc-
alization experiments showed that Rap/Fzr expression
begins in photoreceptor clusters starting three rows posterior
to the MF and co-localized with the neuron-specific antigen
Elav in the developing eye imaginal (Fig. 2C).
Effects of mis-expression of Rap/Fzr
To examine whether the timing of cell cycle exit is
critical for cell growth and pattern formation in the
developing eye, we tested the effects of mis-expression of
rap/fzr employing the GAL4-UAS expression system (Brand
and Perrimon, 1993). rap/fzr was targeted to the developing
eye using an eyeless-GAL4 driver. The expression of eyeless
(ey) in the eye-antennal disc is specific to the eye primordia
and begins early during the embryonic stages. [As a control,
we tested the expression of UAS-lacZ under the control of
the ey-GAL4 driver (data not shown)]. Premature over-
expression of rap/fzr resulted in three classes of phenotypes.
First, as expected, the development of the compound eye
was inhibited. The extent of the inhibition varied from a
drastic reduction of the eye to a complete loss of the eye
(Figs. 4C and D). Second, an unexpected result of the
overexpression of rap (fzr) was the induction of ectopic
antenna (Figs. 4C and E). Ectopic antennae were induced in
the position of the eye and surrounding regions in the head.
The ectopic antennae were fully differentiated, showing all
three antennal segments and comparable to the normal wild
type antenna (Fig. 4E). In some cases, partially formed
antennae, with only the first antennal segment were also
seen (Fig. 4C). To test if the induction of the ectopic antennapression of a full length Fzr cDNA driven by the Gal4-linotte promoter is
of rap mutants. Scanning electron micrographs showing compound eyes of
and (C) rapx3;UAS-fzr;linotte-GAL4 showing a smooth eye similar to the
Fig. 4. Miss-expression of rap/fzr under eyeless-GAL4 inhibits eye
development and induces ectopic antennae and tumor-like structures.
Scanning electron micrographs of heads from wild type (A and B) and ey-
GAL4;UAS-fzr flies (C, D, E and F). Panel A showswild type compound eye,
and panel B an antenna. In panel C, an endogenous antenna (white arrow) is
seen along with an ectopic antennal segment (black arrow). A highly reduced
compound eye with a few ommatidia is seen (white arrowhead). In panel D,
the head region with tumor-like growths (white arrows) and a reduced
compound eye (black arrow) are seen. In panel E, a dorsal view of the head
region shows three antennae: two endogenous antennae (star) and one
complete ectopic antenna (arrow). Panel F shows the dorsal region of the
head with a large tumor-like structure. Anterior to the right. Scale bar = 10 A.
A.C. Pimentel, T.R. Venkatesh / Developmental Biology 285 (2005) 436–446 441was due to the activation of the antennal specification genes,
we monitored the expression of Distaless (Dll), a homeotic
gene and a key regulator of antennal fate specification in
third instar eye-antennal discs (Duncan et al., 1998;
Panganiban, 2000). In the wild type eye disc, Dll expression
is restricted to the antennal disc (Fig. 5A), and no expression
was seen in the eye disc. In third instar eye discs from
ey-GAL4;UAS-fzr larvae, Dll expression was seen in
random ectopic locations within the eye-antennal disc (Fig.
5B). The size of the ectopic Dll positive tissue also varied
considerably from one eye disc to another. Labeling with
phospho-H3 antibodies suggests that the ectopic antennae
are derived from the additional proliferation of the antennal
precursor cells (Fig. 6B). These data suggest that prematureoverexpression of rap/fzr leads to an increase in the size of
the antennal primordia and results in the induction of ectopic
antennal primordia. The frequency of induction of ectopic
antennae was about 75–80% (n = 200 eye-antenna discs
scored) when examined in the third instar larvae and 30% in
the adult flies (n = 1074). The ey-GAL4;UAS-fzr progeny
exhibited pupal lethality of 50–60%.
The third class of phenotype from overexpression of
rap/fzr was induction of tumor-like structures in the
position of the eye and more medially on the head of the
fly (Figs. 4D and F). To determine the cellular nature of these
tumorous growths, we examined sectioned tumors by light
microscopy following Toludine blue staining. We observed
that the induced tumor-like structures contained cells larger
in size when compared to sections of the wild type tissue in
the head region (data not shown). To ascertain whether the
increase in cell size was accompanied by increase in DNA
content, we stained the third instar eye imaginal discs from
ey-GAL4;UAS-Fzr larvae with the DNA-specific dye
Hoechst, the neuronal marker Elav and Phalloidin to label
the Actin cytoskeleton of the cells. Confocal images show
that the Elav positive neurons in the eye disc are abnormally
large and also show strong staining with Hoechst (Figs. 5C
and D). Expression patterns of the pro-neural marker
Senseless and neuronal marker Elav show that overexpres-
sion of rap/fzr does not inhibit neural differentiation (Fig. 5).
Effect of Rap/Fzr mis-expression on Wingless signaling
Wg signaling has been shown to have multiple roles
during eye development and morphogenesis. In the devel-
oping eye-antennal disc, Wg has been shown to regulate
morphogenetic furrow progression, induce proliferation and
repress eye specification. To test whether the reduction of
the eye field induced by the overexpression of rap/fzr
results in the ectopic expression of Wg, we localized Wg in
third larval instar discs from UAS-fzr and eyGAL4;UAS-fzr
larvae. In wild type third larval instar eye-antennal discs,
Wg expression is in a narrow band restricted to the lateral
and anterior margins of the disc and in a strong stereotypic
pattern in the antennal disc (Fig. 6C). Our results (Fig. 6D)
show that, in discs where the eye primordia is reduced or
absent due to the overexpression of fzr/rap, Wg is ectopi-
cally expressed. The expression of Wg corresponds to the
disc regions where the antennal field has expanded and the
eye specification is inhibited. These data are consistent with
the results from other studies which have shown that
Ectopic activation of Wg results in increased proliferation
and repression of eye specification (Baonza and Freeman,
2002; Lee and Treisman, 2001).Discussion
In addition to proper cell fate specification, correct
pattern formation requires precise coordination of cell cycle
Fig. 5. Miss-expression of rap/fzr induces ectopic expression of the antenna specification protein Distaless in the developing eye-antennal imaginal disc. Third
instar eye discs from wild type (A), and ey-GAL4;UAS-fzr (B) were stained with anti-Elav (red) and anti-Dll (green). In the wild type (A), Elav expression is
(red) specific to the eye disc and highlights the ordered pattern of the developing R cell clusters posterior to the MF (double arrowhead). The antennal
precursors are highlighted by the specific Dll expression (green) in the antennal disc. (B) In the ey-GAL4;UAS-fzr, a very small number of Elav positive R cells
(red) are seen. The R cell clusters are abnormally large. Dll staining in the antennal disc shows a large field of ectopic Dll positive cells (arrow) in addition to
the endogenous antennal precursors (arrowhead). Anterior to the right, scale bar = 10 A. Panels C and D show that premature overexpression of Rap (Fzr) does
not inhibit cell growth and cell differentiation. Third instar eye imaginal discs were stained with the eye differentiation marker Elav (green), and the Actin
marker Phalloidin (red) to outline cells. To visualize the DNA content, cells were labeled with the Hoechst dye (blue). In the wild type (C), distinct domains of
Elav (green) and Actin (red) staining are seen. DNA labeling (blue) is uniform through the disc. In panel D, the ey-GAL4;UAS-fzr disc, abnormally large
neuronal cell clusters express Elav and also stain with Hoechst (blue) showing abnormally large nuclei due to endoreplication.
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events are tightly coupled, classic experiments in yeast
(Hartwell, 1971) have showed that these events are separable,
and further, that growth control is dominant over the
machinery that regulates cell cycle and is rate limiting. Expe-
riments in the Drosophila wing support these conclusions
and have shown that cell cycle arrest leads to continued
growth and cell death (Neufeld et al., 1998; Weigmann et al.,
1997). To examine whether the precise timing of cell cycle
exit is critical for correct pattern formation in the fly eye,
we have examined the role of rap/fzr during eye develop-
ment. Our results show that loss-of-function mutations in
rap/fzr result in mis-regulation of cell cycle events and that
the cells, which fail to exit the cell cycle, continue to divide
and go through additional cell cycles.
Premature overexpression of rap (fzr) led to precocious
cell cycle exit by the retinal precursors but it did not affect
cell growth and differentiation events. In ey-GAL4;UAS-fzr
eye imaginal discs, a small number of abnormally large
photoreceptor neurons were typically formed, consistentwith our interpretation that DNA endoreplication and cell
growth continue unaffected in cells that exit mitosis
precociously. This finding is similar to the results reported
for premature fzr overexpression in the developing Droso-
phila wing disc where entry into mitosis was inhibited
prematurely and resulted in DNA endoreplication and
abnormally large cells (Sigrist and Lehner, 1997). In the
wing imaginal disc, neither premature mitotic exit nor cell
cycle arrest had any effect on pattern formation (Neufeld et
al., 1998; Weigmann et al., 1997). Recent studies (Schaeffer
et al., 2004; Shcherbata et al., 2004) have shown that in the
ovarian follicles rap/fzr/cdh1 is required for mitotic exit
through its role in G1 cyclin removal and transition to
endoreplication. These studies have also shown that
premature expression of Rap/Fzr/Cdh induces mitotic exit
and precocious endocycling. In our experiments, premature
exit from mitosis and entry into endocycle resulted in tumor-
like structures derived from the eye precursor cells. Defects
in cell cycle checkpoints and mutations in signaling path-
ways regulating cell proliferation have been shown to result
Fig. 6. Miss-expression of rap/fzr induces proliferation in the antennal primordia and ectopic expression of Wingless (Wg). (A) A UAS-fzr eye-antennal disc
shows normal pattern of mitotic labeling with anti-phospho-Histone-H3 (purple) [anti-H3]. Differentiated photoreceptor neurons are labeled with elav (red) and
antennal primordium is labeled with Distaless (green). The arrowhead denotes the position of the morphogenetic furrow. (B) A third instar eye-antennal disc
from an ey-GAL4;UAS-fzr larva is labeled with anti-H3 (purple), elav (red) and Distaless (green). The ectopic antennal primordia (arrowhead) show labeling
with anti-H3 suggesting that these were derived from proliferating cells. In the eye disc (elav positive: red) region, no anti-H3 labeling is seen (C). Wingless
expression in a UAS-fzr eye-antennal disc shows a wild type pattern. In the eye disc, Wg is localized to the lateral and anterior margins (small arrowheads). In
the antennal disc, a stereotypical band of expression is seen (large arrowhead). (D) A third instar eye-antennal disc from ey-GAL4;UAS-fzr larva shows ectopic
expression of Wg. Scale bar = 10 A.
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without affecting cell differentiation (Potter et al., 2001;
Tapon et al., 2001). However, our results with the
developing eye differ significantly in that, premature mitotic
exit resulted in the increased proliferation of the antennal
precursors and led to the induction of ectopic antennae. The
eye-antennal disc is unique among imaginal discs because it
gives rise to more than one adult organ. In addition to the
eye and the antenna, other cephalic structures of the adult fly
are also derived from the eye antenna imaginal disc. The
anlagen for the eye-antennal disc arise as a group of about
20 cells in the embryo and proliferate through the larval
stages. Cell lineage and mosaic analyses studies (Morata
and Lawrence, 1978; Morata and Lawrence, 1979; Post-
lethwait and Schneiderman, 1971; Younossi-Hartenstein and
Volker Hartenstein, 1993) have suggested that a clonal
restriction between eye and the antenna arises early during
the embryonic stages. More recent studies have shown that
the specification of the eye and the antenna takes place
during the second larval instar (Kumar and Moses, 2001).
The size ratio between the eye disc and the antennal disc is
constant in every eye-antennal disc. An intriguing question
is how the relative sizes and the specification of thepresumptive eye and the antennal developmental fields are
regulated during morphogenesis. This argues for a precise
coordination between the mechanisms that regulate cell
proliferation and signaling pathways that direct tissue
specification or organ identity. In recent years, a number
of signaling molecules and Fmaster control_ selector genes
that encode transcription factors have been shown to be
required for tissue specification in the eye-antennal disc.
Eye development requires the concerted action of tran-
scription factors, Eyes absent (Eya), Sine occulis (So),
Eyeless (Ey) and Dachshund (Dac), whereas, Homothorax
(Hth) and Distaless (Dll) are thought to act as selector genes
for antennal development. These transcription factors are
either directly or indirectly regulated by the signaling
pathways activated by Notch, EGFR, DPP and Wingless
(Silver and Rebay, 2005). Based on the results of experi-
ments using overexpression of dominant negative and
dominant active components of the EGFR and Notch
pathway components, Kumar and Moses (2001) proposed
a model for eye and antenna specification. In this model,
they suggested that the eye and antenna specification was
the result of a balanced antagonism between the Notch and
EGFR signaling (Kumar and Moses, 2001; Kurata et al.,
A.C. Pimentel, T.R. Venkatesh / Developmental Biology 285 (2005) 436–4464442000). In this model, Notch and Egfr function upstream of
the selector genes, ey, eya, so, Dac and Dll, to direct eye and
antennal specification. EGFR induces antennal specification
by repressing ey, while Notch promotes eye specification by
repressing the antennal-specific gene Dll and activating the
eye-specific ey. Furthermore, using dominant negative forms
of Notch, these studies also suggested that antagonism of the
Notch signaling results in the transformation of the eye field
into antennal primordium. In contrast, later studies by
Kenyon et al. (2003) involving loss-of-function analyses
have shown that Notch is not required for the expression of
selector genes ey, eya, dac, and so to promote eye
specification. In addition, Kenyon et al. (2003) showed that
stimulation of cell proliferation in the absence of Notch
signaling is sufficient to induce the expression of Eya and
rescue eye primordium and proposed a model in which the
level of proliferation or the size of the eye field is the critical
factor in the specification of the eye primordium. Dominguez
et al. (2004) have shown that in the developing eye cell
growth and proliferation are regulated by Notch not through
Eya but through another transcription factor, Eyegone (Eyg).
Thus, Notch may indirectly regulate the induction of the eye
primordium through its effects on cell proliferation and field
size mediated by genes such as Eyg. The signaling pathways
activated by Decapentaplegic (DPP) and Wingless (Wg) also
play mutually antagonistic role in the determination of the
eye and antennal primordia. Dpp induces Eya expression
whereas Wingless has been shown to antagonize Dpp
signaling. Thus, Wingless appears to act as a repressor of
eye specification. Ectopic activation of the wingless signal-
ing results in the induction of cell proliferation and the
repression of eye specification. In addition, ectopic wingless
activation also transforms the eye disc cells into a variety of
inappropriate cuticular structures (Baonza and Freeman,
2002; Lee and Treisman, 2001). The relative levels of Dpp
and Wg regulate cell proliferation and developmental field
size. The alteration of the balance between Dpp and Wg
signaling leads to either Eya induction or repression (Baonza
and Freeman, 2002; Kenyon et al., 2003; Ma and Moses,
1995). Consistent with these studies, our data also show that
overexpression of rap/fzr also results in the ectopic
expression of Wg in the eye-antennal disc (Fig. 6D).
In our experiments presented here, when the presumptive
eye field is reduced or restricted in size due to premature cell
cycle exit induced by overexpression of rap/fzr, the size of
the presumptive antennal field increases and results in the
induction of ectopic antenna. The nature of the inhibitory
signal that restricts the size of the eyed antennal fields is not
clear. Because the ectopic antennal cells do not express eye
specification genes and show labeling with the mitotic
marker, phospho-Histone-H3, our results suggest that ectopic
antennae arise due to proliferation of the antennal primordia
rather than the transformation of the cells already committed
to the eye field. Ectopic duplications of antennal disc tissue
have also been reported in the classic experiments involving
surgical removal of the eye disc tissue (Bryant, 1975;Gehring, 1973). Our data support the notion that cell proli-
feration regulatory mechanisms, which govern the respective
sizes of the individual developmental fields, play an
important role in directing pattern formation in the develop-
ing tissue. The question of as how developmental field size
regulates patterning is intriguing. In the developing eye-
antennal disc, this process may involve a complex balance
between roles of Notch, EGFR, Wg and Dpp signaling in
proliferation as well as specification. Recent studies have
shown that, in the Drosophila ovarian follicle cells, rap/fzr
expression is Notch dependent and is a key factor in the
Notch-mediated regulation of cell proliferation (Schaeffer et
al., 2004; Shcherbata et al., 2004). Similarly, in the develop-
ing eye-antennal disc, Notch may induce rap/fzr expression
and promote cell cycle exit and thus influence field size. Cells
in the developing fields may be sensitive to the cell cycle
stage of the neighboring cells and may activate or inactivate
appropriate signaling pathways for specification or prolifer-
ation. This argues for a role of Notch in cell proliferation, cell
cycle exit and tissue specification. It has becoming increas-
ingly clear that Notch function is multifaceted and dependent
on the cell and tissue context (Baonza and Freeman, 2001).
Thus, the inhibitory restrictions between eye-antennal pri-
mordia may be regulated by the different facets of Notch
signaling and cross-talk with other signaling pathways.Acknowledgments
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